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Summary
A male pronucleus migrates toward the center of an
egg to reach the female pronucleus for zygote forma-
tion. This migration depends on microtubules growing
from two centrosomes associated with the male pronu-
cleus. Two mechanisms were previously proposed for
this migration: a “pushing mechanism,” which uses the
pushing force resulting from microtubule polymeriza-
tion, and a “pulling mechanism,” which uses the length-
dependent pulling force generated by minus-end-
directed motors anchored throughout the cytoplasm.
We combined two computer-assisted analyses to ex-
amine the relative contribution of these mechanisms
to male pronuclear migration. Computer simulation
revealed an intrinsic difference in migration behavior
of the male pronucleus between the pushing and pull-
ing mechanisms. In vivo measurements using image
processing showed that the actual migration behavior
in Caenorhabditis elegans confirms the pulling mech-
anism. A male pronucleus having a single centro-
some migrated toward the single aster. We propose
that the pulling mechanism is the primary mechanism
for male pronuclear migration.
Introduction
Location of the nucleus at the center of a cell is a gene-
ral feature of most cells. Active mechanisms exist to
move the nucleus toward the center of the cell. Male
pronuclear migration, one of the earliest events in the
development of multicellular organisms, is a typical ex-
ample of such movement. Following fertilization, the
male pronucleus migrates from the periphery toward
the center of the egg. Meanwhile, the female pronu-
cleus migrates toward the male pronucleus, and the
two pronuclei meet. This union of a male pronucleus
with a female pronucleus is a universal phenomenon
in fertilized eggs (Wilson, 1896). Both male and female
pronuclear migrations depend on microtubules (MTs)
growing from two centrosomes associated with the
male pronucleus (Chambers, 1939; Zimmerman and
Zimmerman, 1967; Strome and Wood, 1983). For the*Correspondence: sonami@bio.keio.ac.jpfemale pronuclear migration toward male pronucleus, a
number of experiments support that tracking along the
MTs elongating from the male pronucleus is the primary
mechanism (Chambers, 1939; Reinsch and Karsenti,
1997; Reinsch and Gönczy, 1998; Payne et al., 2003).
For the male pronuclear migration toward the center of
the egg, in contrast, two mechanisms have been pro-
posed (Reinsch and Gönczy, 1998), which we term
here, respectively, “pushing mechanism” and “pulling
mechanism.”
The pushing mechanism uses MT polymerization
forces (Reinsch and Gönczy, 1998). Growing MTs push
the nearby cortex and generate a force to push the as-
sociated pronucleus away from the cortex. Observa-
tions in vitro and in yeast suggest that this mechanism
moves the pronucleus. When an aster of purified MTs
is placed in a microfabricated chamber in vitro, the MT
aster migrates toward the center (Holy et al., 1997). In
yeasts, an interphase nucleus moves in the direction
opposite that of the MT bundles that reach the cortex
(Shaw et al., 1997; Tran et al., 2001). For the male pro-
nuclear migration, this pushing mechanism has been
assumed to be the primary mechanism, based on ob-
servations that the male pronucleus starts to migrate
when the tips of extending MTs reach the egg cortex
(Chambers, 1939; Hamaguchi and Hiramoto, 1980;
Schatten, 1982). However, these observations are also
consistent with the pulling mechanism because an im-
balance between the length of MTs in the central direc-
tion and those in the cortical direction, which is an im-
balance required to generate forces for the migration in
the pulling mechanism, also arises when the extending
MTs reach the cortex.
The pulling mechanism uses length-dependent forces
for the male pronuclear migration (Reinsch and Gönczy,
1998). Hypothetical minus-end-directed motor proteins
that are anchored throughout the cytoplasm pull the
MTs. The longer the MT is, the larger the total pulling
force on the MT becomes. Because MTs directed to-
ward the cortex are limited in length, centrally directed
MTs are longer and the pronucleus associated with MTs
migrates toward the center accordingly. This mecha-
nism was proposed based on an experiment involving
sand dollar eggs (Hamaguchi and Hiramoto, 1986)
treated with colcemid, which is an inhibitor of MT poly-
merization, and then irradiated with UV light to inacti-
vate colcemid locally, thereby showing the male pronu-
cleus to migrate to the center of the UV-irradiated area,
independent of the cortex. Although this experiment
does suggest the length-dependent pulling force as a
possible mechanism for male pronuclear migration, it
does not provide information on the relative contribu-
tion of the pulling mechanism compared to that of the
pushing mechanism in intact embryos. Therefore, the
question remains: which of the two mechanisms, push-
ing or pulling, is the primary contributor to the male
pronuclear migration?
In this study, we developed an approach to examine
the contribution of the pushing and pulling mechanisms
to male pronuclear migration in fertilized eggs of Caeno-
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mtion of computer simulations and objective in vivo mea-
surements. The computer simulations of the migration c
tprovided a novel criterion to discriminate between the
pushing and pulling mechanisms. Objective in vivo p
tmeasurements of the migration in actual eggs were
performed to examine this criterion and to determine
which mechanism was the primary contributor to the Cmigration. B
T
mResults
s
tMT-Dependent Male Pronuclear Migration
in C. elegans Embryo F
lTime-lapse visualization of MTs using green fluorescent
protein (GFP) revealed information required to con- e
ostruct computer simulations of the positions of MT as-
ters and pronuclei during male pronuclear migration in N
Mfertilized eggs of C. elegans (Figure 1). After fertilization,
the male pronucleus was positioned at the nearest pole d
sof the egg, and this pole became the posterior pole
of the embryo (Goldstein and Hird, 1996; Figure 1A). t
wSeparation of daughter centrosomes associated with
the male pronucleus was observed (Figures 1A–1E). Af-
rter the two centrosomes positioned themselves at op-
posite sides of the male pronucleus, the pronucleus be- p
fgan to migrate toward the center of the cell (Figures
1F–1J). Meanwhile, the female pronucleus migrated to- t
tward the male pronucleus (Figures 1F–1J), possibly in
part by tracking along the MTs elongated from the male P
apronucleus (Reinsch and Gönczy, 1998). After reaching
the female pronucleus (pronuclear meeting), the male W
tpronucleus continued to migrate toward the cell center,
while rotating 90° (Albertson, 1984; Figures 1J–1L). Af- f
fter the breakdown of the pronuclear envelopes, the first
cleavage spindle formed and then moved posteriorly c
1and mitosis occurred (Albertson, 1984; Figures 1M–1O).Figure 1. Distribution of Microtubules during Pronuclear Migration in Caenorhabditis elegans Embryos
Time-lapse series of images of a GFP::tubulin-expressing embryo recorded by spinning-disk confocal microscopy. “M” and “F” (in A) indicate
positions of the male and female pronuclei, respectively. Elapsed time is shown in minutes and seconds. Scale bar equals 10 m.ime-lapse visualization showed that the centripetal
igration of the male pronucleus occurred after the
entrosomes were completely separated. Based on
hese observations, the centrosomes are located at op-
osite poles of the pronucleus from the beginning of
he pronuclear migration in our computer simulations.
omputer Simulations of Male Pronuclear Migration
ased on Pushing and Pulling Models
o evaluate the pushing and pulling mechanisms for
ale pronuclear migration, we constructed models to
imulate the migration in C. elegans based on each of
hese mechanisms (Figures 2A and 2B, respectively).
rom an initial configuration where the pronucleus is
ocated at a pole and all MTs are short, the length of
ach MT was calculated according to a simple model
f dynamic instability (Desai and Mitchison, 1997;
édélec, 2002), and resultant forces generated from
Ts moved the pronucleus against the drag force in-
uced on the pronucleus by the cytoplasm in small
uccessive time steps (Figure 2C; details of the simula-
ions are described in the Supplemental Data available
ith this article online).
In the pushing model, MTs push the cortex when they
each the cortex, and therefore the pronucleus is
ushed away from the cortex (Figure 2A). The pushing
orce exerted by a single MT was modeled according
o the force-velocity relationship of the MT growth and
he assumption of an MT as an elastic rod (Hill, 1987;
eskin et al., 1993; Dogterom and Yurke, 1997; Reinsch
nd Gönczy, 1998; Howard, 2001; Tran et al., 2001).
hen an MT is pushing against the cortex (an action),
he MT will be pushed back with the same amount of
orce from the cortex (the reaction). When the reaction
orce increases, the growth velocity of the MT de-
reases (force-velocity relationship described by Hill,
987; Peskin et al., 1993; Dogterom and Yurke, 1997;
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767Figure 2. Computer Modeling of Male Pronu-
clear Migration
(A and B) Schematic of force generation in
the pushing mechanism (A) and in the pulling
mechanism (B). The large oval represents
the fertilized egg, small light-blue circle the
male pronucleus, and blue lines the MTs. (A)
Forces are generated when growing MTs
push the cortex. Reaction forces are shown
as red arrows. As a result, the pronucleus
moves to the cell center (light-blue arrow).
(B) Pulling forces (red arrows) of MTs are
proportional to the length of the MTs.
(C) Example of the computer simulation of
pronucleus migration. Snapshots of a simu-
lated egg during the simulation are shown.
The blue oval represents the fertilized egg,
red sphere the pronucleus, and yellow lines
the MTs.
(D and E) Path of simulated pronuclear mi-
gration in the pushing model (D) and in the
pulling model (E). Different colors of lines
correspond to different parameter values
used, as described in (F) and (G).
(F and G) Distance-time graphs for simulated
migration of the male pronucleus based on
the pushing model (F) and pulling model (G).
Distances of the center of the male pronu-
cleus from the posterior end of the egg are
plotted as a function of time. Different colors
of lines correspond to different parameter
values for the viscosity of cytosol, η (Ns/m2):
0.25 (orange), 0.5 (pink), 1.0 (black), 2.0
(blue), and 4.0 (green). For the other parame-
ters, the “standard condition” shown in Table
1 was used. Inset shows the magnification
(0.5–3.3 min for time and 10%–35% for dis-
tance) of the early stage of migration where
the overall shape of the graph is convex up-
ward in the pushing model and concave up-
ward in the pulling model. The shape of each
graph is convex in (F) but sigmoidal in (G).Howard, 2001). Because an MT behaves as an elastic
rod, the maximum pushing force of an MT equals its
critical buckling force expressed as π2·κ/L2, where L is
the length of the MT and κ is the flexural rigidity (Dog-
terom and Yurke, 1997; Howard, 2001; Tran et al., 2001).
In the pulling model, minus-end-directed motor pro-
teins are anchored equally throughout the cytoplasm
and can pull MTs (Reinsch and Gönczy, 1998). The
number of motors associated with an MT is propor-
tional to the length of the MT. In the simulation, the
pulling force on each MT (Fpull) at each time step was
thus modeled as Fpull = D·L·Fmotor, where D is the den-
sity of motors (i.e., number of motors per unit length of
MT) and Fmotor is the pulling force exerted by a single
motor. Because the MT that reaches the cortex cannot
elongate any further, the MTs directed toward the cor-tex will be shorter and the pulling force toward the
cortex will be weaker than those directed toward the
cell center (Figure 2B). In the pulling model, the pushing
force of MT against the cortex was assumed negligibly
small compared to the pulling force.
In both models, resultant forces generated by MTs
move the pronucleus against the drag force induced on
the pronucleus by the cytoplasm. For motions in the
cell under the condition of low Reynolds number (Pur-
cell, 1977), viscous forces dominate and inertial forces
can be neglected. Stokes’ law was used to calculate
the drag force induced by the cytoplasm when the pro-
nucleus is migrating with a given velocity (Reinsch and
Gönczy, 1998), and the vector equation for translational
movement was F = 6π·r·η·V, where F is the net force
generated by MTs, η is the viscosity of the cytosol, r is
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wvelocity.
Parameter values in the simulations were set accord- w
Ding to past studies (Table 1). Because the parameters
for dynamic instability (growth velocity Vg, shrinkage 1
Dvelocity Vs, catastrophe frequency fcat, and rescue fre-
quency fres), viscosity (η), and pushing and pulling m
wforces (κ, A, B, Fstall, and Vmax) have yet to be measured
in C. elegans embryos, the values from other organisms i
vwere used here. For the pushing model, all the param-
eters required can be found in those studies. The simu- b
tlations based on the pushing model and these param-
eters showed that the simulated pronucleus migrates a
ttoward the cell center (Figures 2D and 2F). For the pull-
ing model, one parameter, D (density of motors on MT), p
iremained unspecified. Because the Fpull is proportionalTable 1. Simulation Parameters and Experimentally Obtained Parameters
Values Used in Simulation
Standard Range of Experimentally References for Experimentally
Parameter Description Condition Fluctuation Obtained Values Obtained Valuesa
Fixed Parameters
Long axis of egg [×10−6 m] 50
Short axes of egg [×10−6 m] 30
Radius of pronucleus [×10−6 m] 5
Varied Parameters
Dynamic Instability and Number of Microtubules (MTs)
Growth velocity of MT (Vg) [×10−6 m/s] 0.12 0.118–0.328 0.118–0.328 Cassimeris et al., 1988; Belmont et al.,
1990; Verde et al., 1992; Dhamodharan
and Wadsworth, 1995
Shrinkage velocity of MT (Vs) [×10−6 m/s] 0.288 0.157–0.537 0.157–0.537 See above
Catastrophe frequency of MT (fcat) [/s] 0.014 0.0115–0.046 0.0115–0.046 See above
Rescue frequency of MT (fres) [/s] 0.044 0.0113–0.133 0.0113–0.133 See above
Number of MTs (N) 98 30–550 >30 This study
Pushing Forces
Rigidity of MT (κ) [×10−24 Nm2] 10 2–50 4.6–41 Venier et al., 1994; Mickey and Howard,
1995; Dogterom and Yurke, 1997
Elongation-rate parameter (A)b [×10−6 m/s] Vg Vg–1.25×Vg wVg Howard, 2001; Janson and Dogterom,
2004
Force-dependency parameter (B)b [×1010/N] 3.2 3.2–53 3.2–53 Dogterom and Yurke, 1997; Howard,
2001; Drummond and Cross, 2000;
Tran et al., 2001
Pulling Forces
Stall force of motor (Fstall) [×10−12 N] 1.1 0.5–1.5 0.78–1.1 Gittes et al., 1993; Gross et al., 2000;
Mallik et al., 2004
Maximum velocity of motor (Vmax) 2.0 0.5–5.0 1.1–2.0 Howard, 2001; Gross et al., 2000
[×10−6 m/s]
Density of motor on MT (D) [×103 /m] 100 20–500 N.A.c
Drag Force of Pronucleus
Viscosity of cytosol (η) [Ns/m2] 1 0.001–10 0.0018–3 Hiramoto, 1970
Stokes’ radius of pronucleus (r) [×10−6 m] 10 5–15 5–15d
Model-Specific Parameter
Time step [s] 0.05 0.01–0.1 Nédélec, 2002
a Only the references for values in the Table are given.
b MT force-velocity relationship for MT growth velocity (v) encountering an opposing force (F) modeled as v = A·{exp(−B·F) − 1} + Vg, where
Vg is the growth velocity for freely growing MTs, and A and B are two parameters defining the MT force-velocity relationship (see
Supplemental Data).
c N.A. indicates data not available. See text for choice of the parameters.
d Stokes’ radius of the pronucleus was estimated such that its value was between the radius of the pronucleus and the short radius of the
egg because MTs associated with the pronucleus increase the drag force on the pronucleus (Reinsch and Gönczy, 1998).o D, direction of the migration is independent of D
hereas its velocity depends on D: faster migration
as observed in the simulation when larger values for
were used. We set the standard condition of D as
/10 [motor/m] (Table 1) because when this value of
was used, the simulated pronucleus in the pulling
odel reaches the cell center within about 10 min,
hich is a time period comparable to that in the push-
ng model using the standard conditions of parameter
alues (Figures 2E and 2G). This value of D seems to
e within a reasonable order of magnitude considering
he size of an actual egg (w50 m along its long axis
nd w30 m along its short axis; see Figure 1). Note
hat the conclusions we draw in this study do not de-
end on the precise values of the parameters, which
s an independence that will be demonstrated in later
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cessfully moved from the cortex to the cell center in
both the pushing and pulling model simulations.
Qualitative and Intrinsic Difference between
Pushing and Pulling Models Revealed
by Computer Simulations
The manner in which the simulated pronucleus ap-
proaches the cell center can be visualized by plotting
the distance of the pronucleus from the posterior pole
of the egg against time, which we term a “distance-
time graph.” These graphs show that in both the push-
ing and pulling models, the simulated male pronucleus
migrates toward the cell center and then remains near
the center (Figures 2F and 2G). The significant result
from these graphs is that the shape of the distance-
time graph differs between the pushing and pulling
models. In the pushing model, the pronucleus rapidly
moves away from the cortex at first but then slows
down as it approaches the center. Thus, the shape of
the distance-time graph is convex for the pushing
model (Figure 2F). In contrast, in the pulling model, the
pronucleus moves slowly at first and then gradually
moves faster, and finally slows again when it nears the
center. Thus, the shape of the distance-time graph is
sigmoidal for the pulling model (Figure 2G). This appar-
ent difference in the shape of the graph was confirmed
by fitting the data of the early phase of the migration
(until the pronucleus travels one-quarter of the distance
of the long axis of the embryo, which is within about
the first 3 min; the inset in Figures 2F and 2G) to a sec-
ond- or third-degree polynomial function, and then de-
termining if the second derivative was negative (the
pushing model) or positive (the pulling model) (data not
shown). This difference in the shape of the distance-
time graph provides a criterion to discriminate between
migration driven by the pushing mechanism and that
by the pulling mechanism.
To exclude the possibility that this graph shape dif-
ference is due to a specific set of parameter values, we
examined the effect of parameter values on the graph
shape (Table 1). Figure 3 shows the effect of the values
of the pushing/pulling forces (κ and D) (Figures 3A and
3B), the dynamic instability parameters (Vg, Vs, fcat, and
fres) (Figures 3C and 3D), and the number of MTs (N)
(Figures 3E and 3F). The results show that the shape of
the distance-time graph does not depend on the spe-
cific values of the parameters and thus the shape is
intrinsic to each model, namely, convex in the pushing
model and sigmoidal in the pulling model (a simple ex-
planation for the intrinsic difference is in the Supple-
mental Data).
Contribution of the Pulling Mechanism to In Vivo
Migration of Male Pronucleus Revealed
by Objective In Vivo Measurements
We used the qualitative and intrinsic difference in the
shape of the distance-time graphs as a criterion to de-
termine which mechanism, pushing or pulling, is the
primary contributor to the male pronuclear migration in
a real egg. To examine the shape of the distance-timegraphs in real eggs, the position of the pronucleus must
be objectively measured at successive time points.
We processed time-lapse Nomarski DIC microscopy
images of fertilized eggs through an image-processing
filter to detect the region of the (pro)nucleus objectively
and automatically (Onami et al., 2001; S. Hamahashi et
al., submitted; Figure 4A). The filter uses a feature
where the (pro)nucleus appears “smooth” in the image
(i.e., randomness of pixel values in the region corre-
sponding to the (pro)nucleus is low), whereas other re-
gions in the cytosol appear “bumpy” (i.e., randomness
is high). The areas and positions of the centers of the
region corresponding to the male pronucleus were thus
obtained objectively.
The shape of the distance-time graphs in real eggs
was sigmoidal (Figure 4B). This sigmoidal shape of the
graph is intrinsic to the pulling model, but not to the
pushing model. The shape of the early phase was con-
firmed by fitting the data to a second- or third-degree
polynomial function as described above (data not
shown). This provides evidence that the pulling mecha-
nism rather than the pushing mechanism is the primary
mechanism for the male pronuclear migration in C. ele-
gans embryos.
Perturbations of the Dynamics of MTs Induced
by Mutation or Drug Treatment to Confirm
Contribution of the Pulling Mechanism
If the pronucleus moves by the pulling mechanism,
then the shape of the distance-time graph should not
only be sigmoidal, but the sigmoidal shape of the graph
should be intrinsic to the migration as revealed by the
simulation. To determine if the sigmoidal shape of the
graph is intrinsic to the migration in vivo, distance-time
graphs were obtained for mutant embryos and for
drug-treated embryos, in which the dynamics of MTs
were perturbed.
zyg-9 encodes a C. elegans counterpart of XMAP215
(Matthews et al., 1998), which is a major MT-stabilizing
protein in the cell (Tournebize et al., 2000; Kinoshita et
al., 2001). In Xenopus egg extract, loss of XMAP215
decreases both the MT growth and shrinkage velocities
and increases the catastrophe frequency of MT dy-
namics, resulting in shorter MTs (Tournebize et al.,
2000). In a zyg-9 mutant (the b244 allele), MTs are
shorter and the male pronucleus fails to reach the cell
center and the female pronucleus (Albertson, 1984).
Our results show that even for this reduced migration
in zyg-9 embryos, the shape of the distance-time graph
remained sigmoidal (Figure 4C).
Nocodazole is a widely used drug to depolymerize
MTs (Hoebeke et al., 1976), and treatment of fertilized
eggs with nocodazole blocks the male pronuclear mi-
gration in C. elegans (Strome and Wood, 1983). Noco-
dazole affects various dynamic instability parameters
of MT, such as decreasing both the growth and shrink-
age velocities in vitro and in vivo (Vasquez et al., 1997).
Our results show that the shape of the distance-time
graph remained sigmoidal in fertilized eggs treated with
nocodazole (Figure 4D). These eggs showed a defect
in the pronuclear migration in that the male pronucleus
failed to reach the cell center. In some eggs, the male
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770Figure 3. Effect of Parameter Value on Shape
of the Distance-Time Graph for Simulated
Migration
Distance-time graph for simulations using
various parameters for the strength of push-
ing/pulling forces, dynamic instability, and
the numbers of MTs. Graphs of the pushing
model simulation are shown at the left panel
of each figure, and those of the pulling
model simulation are shown at the right, as
in Figures 2F and 2G. The parameters shown
as “standard condition” in Table 1 were
used, unless otherwise indicated.
(A and B) Effect of strength parameters of
the pushing/pulling forces. In the pushing
model, MT rigidity, κ, was set to 50 (A left) or
2 (B left) × 10−24 Nm2. In the pulling model,
the number of motors per unit length of MT,
D, was set to 500 (A right) or 20 (B right) ×
103/m.
(C and D) Effect of dynamic instability param-
eters. (C) Set of maximum parameter values
reported by Dhamodharan and Wadsworth
(1995) was applied (Vg = 0.328 m/s, Vs =
0.537 m/s, fcat = 0.046/s, fres = 0.133/s) to
represent the fastest dynamic instability. (D)
Set of parameter values reported by Verde et
al. (1992) was applied (Vg = 0.118 m/s, Vs =
0.157 m/s, fcat = 0.0115/s, fres = 0.018/s) to
represent the slowest dynamic instability.
(E and F) Effect of number of MTs. Number of
MTs was set at 550 (E) and 30 (F). For better
comparison of the graph shape between the
models, the range of η was adjusted to 1.25
(orange), 2.5 (pink), 5.0 (black), 10.0 (blue),
and 20.0 Ns/m2 (green) in (A) and (E); to 0.05 (orange), 0.1 (pink), 0.2 (black), 0.4 (blue), and 0.8 Ns/m2 (green) in (B); to 0.25 (orange), 0.5
(pink), 1.0 (black), 2.0 (blue), and 4.0 Ns/m2 (green) in (C) and (D); and to 0.125 (orange), 0.25 (pink), 0.5 (black), 1.0 (blue), and 2.0 Ns/m2
(green) in (F).pronucleus reached the female pronucleus, and in the t
iothers it did not. This difference might be due to the
timing when the drug was added. Independent of the en-
ocounter between male and female pronuclei, the shape
of the distance-time graph remained sigmoidal (Figure p
c4D). Male pronuclear migration in zyg-9 mutant em-
bryos and nocodazole-treated embryos strengthens c
othe evidence for the pulling mechanism.
m
oIndependent Evidence of the Pulling Mechanism:
cMale Pronuclear Migration toward the MT-Aster Side
cTo obtain independent evidence for the pulling mecha-
gnism, we examined the relationship between the direc-
mtion of the movement of the male pronucleus and the
uposition of the MT asters. If the pulling mechanism is
ndominant, then the pronucleus should move toward the
dMT-aster side. If the pushing mechanism is dominant,
pthen the pronucleus should move away from the MT-
paster side. In normal embryos, such analysis is difficult
mbecause two MT asters exist. The difficulty is to evalu-
ate the contribution of the two MT asters. To overcome
this difficulty, we took advantage of a zyg-1 mutant (the R
ib1 allele), whose centrosome fails to duplicate, thus
leaving only one MT aster at the pronuclear migration T
astage (O’Connell et al., 2001). In the zyg-1 mutant, the
male pronucleus migrates to the cell center with veloc- p
pity comparable to that observed in wild-type, indicatinghat the force generation mechanism for the migration
s functioning (data not shown).
In wild-type embryos, two centrosomes separate to
pposite lateral poles of the pronucleus before male
ronuclear migration (Figure 1). In zyg-1 mutants, the
entrosome remains at the cortical side of the pronu-
leus at the onset of migration, possibly due to lack
f the other centrosome (Gönczy et al., 1999). During
igration, the centrosome and the associated MT aster
f the zyg-1 mutant moves from the cortical side to the
entral side along the lateral side of the male pronu-
leus. Our results showed that the male pronucleus mi-
rated toward the MT-aster side during this lateral
ovement of the centrosome and of the MT aster (Fig-
re 5). This agreement between the direction of the pro-
uclear movement and the position of the MT aster in-
icates that the pulling mechanism rather than the
ushing mechanism is dominant. This provides inde-
endent evidence for the dominance of the pulling
echanism in male pronuclear migration.
equirement of a Cytoplasmic Dynein, DHC-1,
n Male Pronuclear Migration
he pulling mechanism hypothesized in this study
ssumes the existence of minus-end-directed motor
roteins distributed throughout the cytoplasm. A cyto-
lasmic dynein containing DHC-1 is a promising candi-
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771Figure 4. Distance-Time Graph of Male Pronuclear Migration In Vivo
(A) Example of objective pronuclear detection system. The original
Nomarski DIC images are shown in the upper panels (darker
shaded). The lower panels (lighter shaded) show the binary images
processed using the algorithm (described in the Supplemental
Data); the low-entropy regions (corresponding to “smooth” regions
in the original images) are shown in gray. “M” and “F” indicate posi-
tions of the male and female pronuclei, respectively. Elapsed time
is shown in minutes and seconds and corresponds to the time in
(B). Scale bar equals 10 m.
(B) Distance-time graph of male pronuclear migration in wild-type
eggs. Position of the pronucleus was detected objectively, and its
resultant distance from a posterior end was plotted against time.
Three independent measurements are represented as different col-
ors. The time for the male pronucleus to reach the female pronu-
cleus was normalized in the figure to occur at 7.5 min. The shape
of the distance-time graph was sigmoidal for all embryos examined
(n = 19).
(C and D) Distance-time graph of male pronuclear migration in
zyg-9 mutant embryos (C) and in embryos treated with nocodazole
(2 g/ml) (D). The original Nomarski DIC images are shown in Sup-
plemental Figure S7. Because the distance of migration upon treat-
ment with nocodazole varied from egg to egg, two representative
results are shown in (D). The male pronucleus reached a point
about 40% of the long axis of the egg and encountered the female
pronucleus (blue curve in D). In another sample, the male pronu-
cleus reached a point about 25% of the long axis and did not en-
counter the female pronucleus (black curve in D). Only short MTs
were detected in the nocodazole-treated embryos under the exper-
imental conditions used here (data not shown). Perturbations in the
dynamics of MTs did not affect the shape of the distance-time
graph of the in vivo migration (n = 8 for zyg-9 mutants and n = 6
for nocodazole-treated embryos).Figure 5. Relationship between the Direction of Male Pronuclear
Migration and the Position of the MT Aster
Time-lapse series of images of a GFP::tubulin-expressing embryo
in zyg-1 (b1) mutant recorded by spinning-disk confocal micro-
scopy. Longest axis is shown as dotted line, and positions of male
and female pronuclei as “M” and “F” (in I), respectively. Red dots
indicate the centers and yellow arrows indicate the velocity vectors
of the male pronucleus in (A)–(I). In (J) the pronuclear envelope is
breaking down. Asymmetry in the direction of the MTs was con-
firmed by immunostaining using anti-tubulin antibodies (data not
shown). Initially, the center of the pronucleus was on the axis (A
and B). When the centrosome and the associated MT aster moved
to the lateral side of the pronucleus, the pronucleus migrated to-
ward the MT-aster side of the pronucleus (i.e., left side of the long-
est axis in the figures) (C–H). When the centrosome returned to the
long axis of the egg, the male pronucleus also approached this
axis (I and J). This behavior of zyg-1 embryos was observed for all
embryos whose centrosome could be tracked on a single focal
plane (n = 10). A pulling model simulation with a single aster pre-
dicts this in vivo behavior (Supplemental Figure S8). Elapsed time
is shown in minutes and seconds. Scale bar equals 10 m.date for this hypothetical motor. DHC-1 is distributed
throughout the cytoplasm and is required for minus-
end-directed motility and for pronuclear migration in
C. elegans embryos (Gönczy et al., 1999). However, be-
cause the inactivation of DHC-1 also blocks the separa-
tion of centrosomes that precedes pronuclear migra-
tion, it has been unclear whether DHC-1 is directly
required for the migration or whether the blockage of
the migration is a secondary consequence of the ab-
sence of centrosome separation (Gönczy et al., 1999).
To evaluate the latter possibility, again we used the
zyg-1 mutant. Because zyg-1 embryos have only one
centrosome at the pronuclear migration stage, centro-
some separation does not occur prior to the migration.
Thus, if pronuclear migration does not occur upon inac-
tivation of DHC-1 in the zyg-1 mutant, this absence of
migration should be independent of centrosome sepa-
ration. Expression of the dhc-1 gene was eliminated
using RNAi (RNA-mediated interference) in the zyg-1
embryos. Pronuclear migration did not occur in the
dhc-1 (RNAi); zyg-1 embryos (Figure 6). The lengths of
MTs in dhc-1 (RNAi) embryos are comparable to those
in embryos with wild-type DHC-1 (Gönczy et al., 1999),
indicating that the change in polymerization dynamics
of MTs is not the major reason for the blockage of the
migration. Although we cannot exclude the possibility
that the blockage of migration is a secondary effect of
an uncharacterized defect caused by the inactivation of
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Figure 6. Absence of Pronuclear Migration in dhc-1 (RNAi) Embryos g
Independent of Centrosome Separation
t
Time-lapse series of images of a GFP::tubulin-expressing embryo g
of zyg-1(b1); dhc-1(RNAi) (A–D) and zyg-1(b1) (E–H) recorded by
sspinning-disk confocal microscopy. Male pronuclear migration oc-
bcurred in zyg-1(b1) embryos with a single aster (n = 12), whereas
the migration was blocked in zyg-1(b1); dhc-1(RNAi) embryos with t
a single aster (n = 13). No apparent fluorescent signals of DHC-1 e
proteins were detected in dhc-1 (RNAi) embryos stained with anti- i
DHC-1 antibodies (Supplemental Figure S9). Times shown in min- e
utes and seconds were normalized by the time of nuclear envelope
Ybreakdown (D and H). Positions of the male and female pronuclei
fare indicated by “M” and “F,” respectively. Scale bar equals 10 m.
t
g
tDHC-1, the present result supports the idea that DHC-1
tis directly required for male pronuclear migration inde-
cpendent of centrosome separation. The involvement of
tDHC-1 in pronuclear migration provides a molecular
abasis for the pulling mechanism.
M
lDiscussion
t
cPulling Mechanism, Not Pushing Mechanism,
aas Primary Mechanism for Male Pronuclear
(Migration in C. elegans Embryos
This study reports evidence that the pulling mecha-
tnism, which depends on the length-dependent pulling
bforce on MTs, is the primary contributor to male pronu-
eclear migration based on two independent criteria,
cnamely, the shape of the distance-time graph and the
trelationship between the direction of movement of the
nmale pronucleus and the position of MT asters. The
(main argument against the pushing mechanism is that
nthe shape of the distance-time graph from the pushing-
gmodel simulation (convex; Figures 2F and 3) does not
ncoincide with that from a real egg (sigmoidal; Figures
t4B–4D).
aThe sigmoidal shape of the graph from the pulling-
model simulation is due to the assumption that minus-
end-directed motor proteins are distributed throughout O
Wthe cytoplasm and pull the MTs in a length-dependent
manner. This assumption is supported by the results p
Rthat a subunit of a minus-end-directed motor, DHC-1,
which is distributed throughout the cytoplasm in C. ele- n
agans embryo, is required for male pronuclear migration
(Gönczy et al., 1999; Figure 6). Structures where minus- t
wend-directed motors are anchored in the cell have not
yet been clarified. Possible candidates for such struc- “
Mtures include cytoskeletons and subcellular organelles
(e.g., endoplasmic reticulum, Golgi, and other endo- t
ncytic organelles) where dyneins are likely to localize
and pull MTs (Reinsch and Gönczy, 1998; Allan et al., c
s2002). The sigmoidal shape is not unique to the pullingodel used in this study; length-dependent pulling
orces that pull longer MTs with stronger forces pro-
uce the sigmoidal shape of the distance-time graph
Supplemental Figure S1). In contrast, pulling forces
hat are constant per MT or that pull shorter MTs with
tronger forces do not move the pronucleus toward the
ell center (Supplemental Figure S1).
The convex shape of the graph from the pushing-
odel simulation is due to the assumption that the
ushing force of an MT on the cortex can be modeled
ased on the force-velocity relationship of the MT
rowth and the critical buckling force of the MT. When
he time required for the simulated pronucleus to mi-
rate toward the center is consistent with that ob-
erved in vivo, in the simulation most MTs exert their
uckling force. This is consistent with in vivo observa-
ion in yeast that MTs pushing the nucleus buckle (Tran
t al., 2001). The buckling force is proportional to the
nverse of the square of MT length based on a theory of
lasticity and an in vitro measurement (Dogterom and
urke, 1997). The forces pushing the pronucleus away
rom the cortex thus decrease as the pronucleus leaves
he cortex. The resultant shape of the distance-time
raph will be convex. The convex shape is not unique
o the pushing model used in this study; pushing forces
hat decrease as the MT length increases produce the
onvex shape of the distance-time graph (Supplemen-
al Figure S2). Pushing forces that are constant per MT
lso produce a convex shape (Supplemental Figure S2).
oreover, pushing forces that increase as the MT
ength increases do not move the pronucleus toward
he center (Supplemental Figure S2). Therefore, the
onvex shape of the distance-time graph is likely to be
general feature for various types of pushing models
see also Supplemental Text, Figures S3 and S4).
The argument from the simulation that the distance-
ime graph based on the pushing mechanism should
e convex is not conclusive because we lack an in vivo
xample of C. elegans embryos indicating that pronu-
lear migration with the pushing mechanism produces
he distance-time graph with convex shape. Male pro-
ucleus barely migrates in dhc-1 (RNAi) embryos
Gönczy et al., 1999; Figure 6) where the pulling mecha-
ism is likely suppressed but MTs grow normally, sug-
esting that migration with the pushing mechanism is
ot significant in C. elegans embryo. We could not ob-
ain a distance-time graph based on the pushing mech-
nism in C. elegans embryo.
ther Mechanisms to Position the Male Pronucleus
hat about mechanisms other than the pulling and
ushing mechanisms to position the male pronucleus?
einsch and Gönczy (1998) categorized all mecha-
isms for the MT-dependent positioning of nuclei that
re supported by experiments into four types. The first
wo are the pulling and pushing mechanisms, which
ere the focus of this study. The remaining two are the
tracking mechanism,” where the nucleus tracks along
Ts by using motor proteins bound on the nucleus, and
he “cortical-anchoring mechanism,” where MTs and
ucleus are pulled by motor proteins anchored on the
ortex. These latter two mechanisms are considered re-
ponsible for positioning of the nucleus that is not as-
Mechanism of Pronuclear Migration in C. elegans
773sociated with centrosomes (for the tracking mecha-
nism) or responsible for cortex-directed positioning of
the nucleus (for the cortical-anchoring mechanism).
These two mechanisms are unlikely to be the primary
mechanism behind the centripetal migration of the
male pronucleus as follows.
The tracking mechanism is used for female pronu-
cleus migration (Chambers, 1939; Reinsch and Kar-
senti, 1997; Reinsch and Gönczy, 1998; Payne et al.,
2003). The tracking of the female pronucleus by pulling
MTs suggests the existence of pulling forces on the
male pronucleus by the female pronucleus to coun-
teract the pulling forces on the female pronucleus by
the male pronucleus. This counteracting force, how-
ever, is reported unnecessary for the centripetal mi-
gration of the male pronucleus in C. elegans (Goldstein
and Hird, 1996) or in other organisms such as heart-
urchins (Hamaguchi and Hiramoto, 1980). When the
pulling force between the male and female pronuclei
in nocodazole-treated embryos or zyg-9 embryos was
too weak for the pronuclei to meet, the shape of the
distance-time graph remained sigmoidal (Figures 4C
and 4D).
The cortical-anchoring mechanism is considered crit-
ical for spindle positioning or nuclear rotation (Hyman
and White, 1987; Reinsch and Gönczy, 1998; Grill et al.,
2001; Tsou et al., 2002). Although this mechanism might
generate forces during pronuclear migration, this mech-
anism is unlikely to be the primary contributor for the
centripetal migration of the male pronucleus for the fol-
lowing three reasons. First, the pronucleus should not
be able to leave the cortex at all if the cortex uniformly
pulls MTs (Supplemental Figure S5A). Second, a hy-
pothesis that cortical-anchoring forces are not uniform
but are arranged using a cellular polarity to direct the
pronucleus toward the center is not supported by either
computer simulation or genetic studies. In computer
simulations based on this hypothesis, moving the pro-
nucleus to the cell center required strict adjustment of
the parameters of force generation and cellular polarity
(Supplemental Figures S5B–S5D); this requirement of
strict parameter adjustment is not consistent with the
pronuclear migration in zyg-9 mutant embryos and no-
codazole-treated embryos (Figures 4C and 4D). Genetic
studies using par mutants show that pronuclear migra-
tion occurs in these mutants (Kemphues et al., 1988;
Kirby et al., 1990), and the shape of their distance-time
graph was sigmoidal (Supplemental Figure S6); PAR
proteins function to establish cell polarity before onset
of pronuclear migration (Cuenca et al., 2003) and are
proposed to control cortical-anchoring forces (Grill et
al., 2001). Third, male pronuclear migration in zyg-1 mu-
tant is inconsistent with the cortical-anchoring mecha-
nism being the primary mechanism. The male pronu-
cleus does not adhere to the nearest cortex, but
migrates to the center although most contacts between
MTs and the cortex are restricted to this nearest cortex
in zyg-1 mutant (Figure 5).
Universality of the Pulling Mechanism
In all sexually reproducing organisms, the pulling
mechanism might be the primary mechanism for male
pronuclear migration. Past observations of intact em-bryos from other organisms do not conflict with the
idea that the pulling mechanism is the primary mecha-
nism (see Introduction). This idea is thus worth investi-
gating in organisms other than C. elegans. Further-
more, the pulling mechanism might be the primary
contributor for a central location of MT asters and their
associated nucleus observed in many cell types. The
pushing mechanism is accepted as the primary mecha-
nism for the central location of the nucleus in yeasts
(Shaw et al., 1997; Tran et al., 2001). The distribution of
MTs, however, is different in higher eukaryotes such as
C. elegans and mammals: in higher eukaryotes, MTs are
distributed throughout the cell and the thick bundles of
MTs evident in yeasts are not detected. In mammalian
cells, the positions of interphase centrosomes are pro-
posed to be governed by either the pulling mechanism
or the cortical-anchoring mechanism (or a mixture of
both mechanisms) rather than by the pushing mecha-
nism (Burakov et al., 2003). Further research is needed
to determine if the pulling mechanism, which depends
on the length-dependent pulling force on MTs, is a uni-
versal mechanism that is the primary contributor for
central positioning of nuclei in a cell.
Combined Approach of Two Computer-Assisted
Analyses to Investigate Dynamic Processes
of Cellular Structures
In this study, we introduced an approach that combines
two computer-assisted analyses, namely, computer
simulations and objective in vivo measurements to in-
vestigate a dynamic process of cellular structures. A
feature of our approach is qualitative model verification
that is independent of precise parameter values. Our
computer simulations revealed a qualitative difference
(i.e., shape of the distance-time graph), rather than
quantitative differences between the two hypothetical
mechanisms of pulling and pushing. Although numeri-
cal simulations are often tools to analyze biological
phenomenon quantitatively, a quantitative discussion
requires accurate parameter values in vivo, which are
difficult to obtain. This difficulty often lowers the reli-
ability of computer simulation studies in cell biology.
Our approach to focus on qualitative properties de-
pends mostly on the models and less on the accuracy
of the parameter values and thus yields a reliable con-
clusion on the validity of the models. Another feature
of our approach is that the conclusions were derived
basically from noninvasive analysis of the target phenom-
enon, contrasting with invasive analyses approaches,
such as laser ablation, drug treatment, and gene muta-
tion. Our approach of combining computer simulations
with objective in vivo measurements clarified the pri-
mary contribution of the pulling mechanism for male
pronuclear migration both independently of precise
parameter values and in a noninvasive manner. This
combination approach is effective for analyzing the dy-
namic processes of cellular structures.
Experimental Procedure
Strains and Manipulation of C. elegans
Bristol N2 strain was used as the wild-type (Brenner, 1974). The
strain expressing tubulin fused with GFP (GFP::tubulin) under the
control of the pie-1 promoter was AZ244. AZ244, DH1 (zyg-1),
Developmental Cell
774DH244 (zyg-9), and KK241 (par-3) strains were distributed from B
(Caenorhabditis Genetics Center. A strain with the zyg-1 (b1) muta-
tion and the GFP::tubulin construct was obtained by mating DH1 9
with AZ244. RNA-mediated interference (RNAi) was performed by C
injecting dsRNA synthesized using yk161f11 (dhc-1) and yk455b9 s
(par-3) clones. B
C
Objective In Vivo Measurement of Pronuclear Migration t
An automated nuclear detection system developed for automated
Ccell lineage analysis was used (Onami et al., 2001; S. Hamahashi et
Gal., submitted). Eggs were removed from a gonad and placed on
tslides coated with 0.01% poly-L-lysine (Sigma) in M9 solution. To
1partially inhibit pronuclear migration, nocodazole (Sigma) was
Dadded at a concentration of 2 g/ml to the M9 solution immedi-
dately before use. (Strome and Wood [1983] used a concentration
of 5 g/ml to block pronuclear migration.) Nomarski differential in- D
terference contrast (DIC) images were obtained by using a Leica t
DMRE microscope, whose illumination intensity and objective-side p
Wollaston prism were adjusted to obtain images of the same qual- D
ity. Digital images were acquired with an Orca CCD Camera (Hama- v
matsu Photonics). Details of the image processing algorithm are
Ddescribed in the Supplemental Data.
m
7Visualization of MTs in Live Embryos
GEmbryos from GFP-expressing strains were mounted as described
rabove for measurement of pronuclear migration. Time-lapse
fimages were acquired by using a CSU21 Yokogawa spinning-disk
confocal system mounted on an Olympus BX51 microscope. Digital G
images were acquired with an Orca-II-ER CCD camera (Hama- p
matsu Photonics). Fluorescence images were acquired at a 300 ms 1
exposure. To calculate the position and velocity of the center of the G
male pronucleus in Figure 5, the region corresponding to the male p
pronucleus was extracted by hand using IP Lab 3.6 software (Scan- i
alytics), and the average velocity for 14 s intervals was calculated r
to exclude local fluctuations in the position of the pronucleus.
G
l
tSupplemental Data
GSupplemental Data include nine figures and Supplemental Experi-
Dmental Procedures and can be found with this article online at
dhttp://www.developmentalcell.com/cgi/content/full/8/5/765/DC1/.
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